(Continued from previous page) fibroblasts (green) and a very high level of collagen uptake by M2-polarized macrophages (two cells in upper right corner of the image) are observed. scale bar = 50 µm. (B) Proposed role for M2-polarized macrophages in interstitial collagen degradation in the course of tumor invasion. M2-polarized macrophages are recruited to the tumor stroma, where they mediate interstitial collagen degradation through the concerted action of membrane-associated matrix metalloproteinases (collagenases), which fragment large collagen fibers, and the mannose receptor, which internalizes partially digested collagen and directs it to complete cathepsin-mediated degradation within lysosomes.
Macrophages play multiple essential roles, not only as components of the innate immune system, but also as they contribute to the preservation of tissue homeostasis and orchestrate tissue remodeling and repair. Although originating from a common monocyte precursor, macrophages may attain a variety of phenotypes to fulfill these diverse functions. In this respect, tissue remodeling and repair is believed to critically depend on a subpopulation of macrophages variably known as M2-polarized, alternatively activated or wound healing macrophages, which in tissues can be identified as they express elevated levels of mannose receptor and other markers. This macrophage subpopulation (hereafter referred to as M2-polarized macrophages) produces high levels of antiinflammatory cytokines and promotes tissue repair by expressing molecules involved in the synthesis of extracellular matrix components and by secreting mitogenic factors. 1 Tumor progression is generally associated with a devastating loss of interstitial collagen from adjacent tissues, leading to structural and functional organ breakdown. Although paramount to the morbidity and mortality of cancer, the tumor-associated degradation of interstitial collagen remains poorly understood at the cellular and molecular level, mainly due to the lack of assays for imaging collagen turnover in vivo. In most human carcinomas, collagenolytic enzymes and receptors that mediate collagen endocytosis are predominantly expressed by non-malignant cells of the tumor stroma. Collagenolytic enzymes include secreted and membrane-associated proteases of the matrix metalloproteinase (MMP) and cysteine cathepsin family, while collagen endocytosis receptors encompass collagenbinding β1-integrins and members of the mannose receptor family. Frequently, these molecules are expressed by human carcinoma cells that have adapted to grow ex vivo, and the relative contribution of stromal and carcinoma cells to interstitial collagen degradation in human cancers is the subject of controversy. [2] [3] [4] [5] [6] We have recently described the first assay for directly imaging the turnover of interstitial collagen in vivo, a technical development that may prove useful in alleviating the considerable gaps in our knowledge of tumor-associated collagen degradation (Fig. 1) . 7 Our assay takes advantage of the ability of fluorescently-labeled interstitial collagen fibrils introduced into the connective tissue of living mice to self-assemble into collagen fiber networks, coupled to the possibility to visualize the fate of these networks provided by multi-photon and confocal microscopy. When employed in mice with cell lineage-specific fluorescent labels or mice with targeted gene ablations, this approach allows for the evaluation of the role of specific cell types and molecules in interstitial collagen turnover in vivo. When the exogenous collagen is placed into the dermis, the inoculation trauma and excess collagen combines to induce a matrix catabolic environment that favors collagen degradation and resembles the wound healing microenvironment. This is evidenced by the recruitment of inflammatory cells to the injection site, by the increased expression of extracellular matrix-degrading enzymes, and by the much shortened half-life of injected interstitial collagen, as compared with dermal interstitial collagen in homeostatic conditions. By using this novel assay, the turnover of interstitial collagen Keywords: cathepsin, collagenase, collagen endocytosis, Endo180, interstitial collagen degradation, in vivo imaging, lysosome, M2-polarized macrophages, mannose receptor, matrix metalloproteinase, Mrc1, Mrc2, tumor invasion, urokinase plasminogen activator receptor-associated protein we have recently described an assay for imaging interstitial collagen degradation in vivo, which allows for the identification of cell types and molecules involved in collagen turnover in the course of pathological and physiological tissue remodeling. The assay revealed a dominant role of receptor-mediated intracellular collagen degradation by M2-polarized macrophages in extracellular matrix turnover. in vivo was found to involve the cooperation between extracellular matrix metalloproteinase collagenases, 2 endocytic receptors, the urokinase plasminogen receptor-associated protein, the mannose receptor, and lysosomal cathepsins. The mechanistic dissection of this catabolic sequence revealed it to include the initial coarse fragmentation of collagen fibers into smaller fragments by collagenases, followed by the receptor-mediated cellular uptake of these fragments and their routing to complete lysosomal degradation. Several cell types appear to engage in this turnover process, including tissueresident fibroblasts and infiltrating chemokine (C-X3-C) receptor 1 (Cx3cr1) + macrophages. The dominant cells executing collagen turnover in vivo, however, turned out to be M2-polarized macrophages. Indeed, although M2-polarized macrophages only constituted 15% of cells, they accounted for 60% of all cellular collagen uptake. Of note, in our model, M2-polarized macrophages internalized collagen in a mannose receptor-dependent manner.
The unexpected key contribution of M2-polarized macrophages to collagen turnover, in hindsight, is entirely consistent with the wound healing-promoting properties of this macrophage subpopulation, and in particular with its typically elevated expression of the mannose receptor. Although the mannose receptor was first shown to mediate the carbohydratedependent phagocytosis of specific microbial pathogens, it is also a high affinity receptor for collagen that efficiently targets collagen to endocytosis and lysosomal degradation in ex vivo model systems. 8 The identification of a dominant function of M2-polarized macrophages in collagen turnover adds an exciting new property to this multifunctional macrophage population. This may have important implications for understanding tumor-associated interstitial collagen degradation. The unique property of M2-polarized macrophages to suppress inflammatory responses and promote cell growth appears to be exploited by malignant cells, because (1) M2-polarized macrophages (in this context termed "tumor-associated macrophages") are a recurrent constituent of the mature stroma of human carcinomas, and (2) M2-polarized macrophages promote tumor progression in animal models of mammary and pancreatic adenocarcinoma. 9, 10 We propose that a catabolic sequence involving the matrix metalloproteinase-mediated fragmentation of interstitial collagen, the mannose receptor-dependent endocytosis of collagen fragments, and their cysteine cathepsin-mediated lysosomal degradation represents an additional important mechanism by which M2-polarized macrophages exert tumor-promoting effects (Fig. 1) .
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